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ABSTRACT

Lead isotope ratios of galenas from stratabound massive
sulfide deposits in upper Precambrian me;asediments of the
Blue Ridge (BR) geologic province are too radiogenic for
their presumed synsedimentary, late Precambrian age. A pos-
itive correlation between lead and sulfur isotope ratios in
galenas from Ducktown, Tennessee, i1s interpreted as an ori-
ginal characteristic of the ores, and indicates that the
radiogenicity of the lead is not the result ofAmetamorphic
processes, but of derivation of lead from U/Pb-enriched
elastic sediments. At Ducktown, however, lead and sulfur
isotope ratios indicate a component derived from a mafic
source, and suggest that rift basin faulting may have con-
trolled mineralization. Lead isotope ratios in Mount
Rogers Formation rhyolites and in BR Paleozoic plutons

indicate different sources of lead than those contributing

ii.



to lead in massive sulfide deposits.

Lead isotope ratios of galenas from Piedmont province
polymetallic massive sulfide (PMS) deposits define a trend
of decreasingly ensialic volcanism from northeast to south-
west. A regression through the data has a slope that cbr-
responds to a secondary isochron age of about 3.7 b.y.

The line is proposed to represent mixing between variable
amounts of upper crustal lead (decreasing to the southwest)
with lead from a source depleted in U/Pb and Th/Pb ratios
relative to upper crust. The depleted source has, however,
experienced either continuous or episodic enrichment of
uranium relative to lead. The occurrence of a similar trend
in galenas from Kings Mountain belt ores is further evidence
for such a source. Sulfur isotope ratios in PMS are consis-—
tent with derivation of sulfur from lower Paleozoic seawater
sulfate.

Rocks and ores from the southern Appalachians have lead
isotope patterns that suggest three distinct isotope pro-
vinces. Rocks and vein deposits of the Blue Ridge and Inner
Piedmont appear to be dominated by lead derived from Gren-
ville~-age crust. Some rocks of the eastern Piedmont are
characterized by lower 2°7Pb/2°*Pb and 2°®Pb/?°*Pb ratios
than BR and Inner Piedmont rocks. PMS and the Kings Moun-
tain belt have isotope ratios suggesting a mixed source with
Grenville—-age basement as one end member and mantle or
mantle-derived material as the other.
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Part I: INTRODUCTION



1. SULFIDE DEPOSITS IN THE SOUTHERN APPALACHIANS

In the crystalline Appalachians many stratabound (mas-
sive) sulfide deposits can be classified as Blue Ridge (or
Ducktown) type deposits (Ross, 1935) or as Piedmont (or
Silver Hill) type deposit (Brown, 1976).

Ducktown-type ores are characterized by pyrrhotite
and/or pyrite with minor, but sometimes economic, concen-
trations of copper and zinc as well as magnetite. The
largest and best known of these bodies are the Ducktown,
Tennessee, deposits. Blue Ridge massive sulfide deposits
(Fig. 1) are generally found in upper Precambrian metased-
imentary and metavolcanic rocks at amphibolite facies.
Often the relationship between country rock and ore is un-
clear, as at Ore Knob, North Carolina, where the ore body,
located in a shear zone,'is slightly offset from the grain
of the enclosing rocks (Kinkel, 1967).

Silver Hill-type deposits are found in uppermost Pre-
cambrian to lower Paleozoic metavolcanic and metasediment-
ary rocks of the Piedmont geologic province. They are
generally richer in Zn, Pb, Cu and Ag than those of the
Ducktown-type and are generally conformable with respect
to surrounding rocks. In the slightly metamorphosed
Carolina slate belt (Fig. 1) some ores retain evidence of

2.



Figure 1. Index map of the southern Appalachians showing

major lithotectonic blocks and the locations of some of

the sulfide deposits (numbered) discussed in this study.

1. Gossan Lead district

2, Fontana district

3. Ducktown district

4. Swift and Little Bob
mines

5. Stone Hill

6. Pyriton

11.
12.

13.

Mineral District
Hamme tungsten district
Cid district

Gold Hill district

Kings Creek area
Haile~-Brewer area
Lincolnton-McCormick

district



3.
soft sediment deformation. Piedmont province massive sul-
fides are also more clearly related to volcanic activity
whereas those of the Blue Ridge are often found in meta-
sedimentary sequences with scant evidence of igneous ac-
tivity of any sort. The Silver Hill-type bodies have been
compared to volcanic exhalative "kuroko" ores of Japan
(Bell et al., 1980; Indorf, 1981).

Southern Appalachian rocks are also host to ore con-
centrations that do not fit either of the above categor-
ies. The Haile and nearby deposits in the Carolina slate
belt of north=-central South Carolina (Fig. 1), are impor-
tant for their gold, and are associéted with massive
pyrite lenses with little or no base metal content. They
have been described as hot springs-fumarolic deposits by
Spence et al., (1980), who compared Haile with modern hot -
springs systems at Steamboat Springs, Nevada, and the
Broadlands geothermal field, New Zealand.

The Carolina barite belt represents another style of
mineralization found in the Piedmont. it is a linear zone
of massive barite associated with felsic volcanism (Sharp
and Hornig, 1981), in the Kings Mountain belt, North and
South Carolina. Locally abundant galena is the major base
metal sulfide associated with the deposits.

Numerous districts containing gold-quartz veins were
formerly of economic significance in the southern Appala-

chians. These include the Virginia gold-pyrite belt and
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the York County (South Carolina) district in the Piedmont
and the Dahlonega district in the eastern Blue Ridge of
Georgia.

The Hamme tungsten district, North Carolina, is
unique in the southern Appalachians. The mineralized
quarts veins are closely associated with the emplacement
of a late Precambrian albite granodiorite. Huebnerite is
the major ore mineral and a variety of sulfide minerals
are also disseminated throughout the wveins.

Pardee and Park (1948) cited the southern Appala-
chians as an example of regional zonation of ore deposits.
Their zonation centered on gold-pyrite associations in the
Piedmont. West of these deposits the type of mineraliza-
tion progresses, in their model, from pyrrhotite/pyrite
(Gossan Lead, Virginia) to pyrrhotite-chalcopyrite (Duck-
town; Tennessee) and farther west, in the unmetamorphosed
sediments of the Valley and Ridge province, Pb-Zn (e.qg.
Mascot - Jefferson, Tennessee), and finally barite de-
posits (e.g. Sweetwater, Tennessee).

Strong (1974) related localization of the types of ore
deposits of Paleozoic age to their plate tectonic enviroﬁ—
ments by extending his metallogenic model for the Newfound-
land Appalachians southward. He noted that Mississippi
Valley-type Zn (*Pb) deposits are found in Cambro-Ordovic-
ian platformal carbonates along the western side of the

hppalachian orogen; in the south, in the Valley and Ridge
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province. Strong (1974) speculated that some of the small
pyrite-chalcopyrite bodies of the Inner Piedmont and east-
ern Blue Ridge may be Cyprus-type ores associated with
ophiolites. Eastward of these, polymetallic Cu-Pb-ZntAg,
Au (kuroko-type or Silver Hill-type) are found associated
with calc=-alkaline volcanism. Strong (1974) further notes
fhat tin and tungsten deposits tend to lie to the east of
other deposits in the southern Appalachians.

Recently, Gair and Slack (1980) proposed a mddel for
stratabound mineralization in the upper Precambrian of the
Blue Ridge which relates sulfide deposition to rifting as-
sociated with the opening.of the lapetus (proto-Atlantic)
ocean. In the model graben-like basins formed on either
side of the Grenville-age core of the Blue Ridge. The
basins were rapidly filled with sediments stripped off the
high-standing core and, in the eastern basins, with flows
of mafic volcanic rock. High heat-flow regimes associated
with the rifting were conducive to hydrothermal cell form-
ation which lead to the deposition of sulfides on the
basin floors.

The sequences that play host to stratabound sulfides
in the Piedmont geologic province are more usually associ-
ated with island arc environments at converging plate
boundaries. Pavlides (198l1) describes the Chopawamsic Form-
ation, host of the massive sulfide deposits in the Mineral

district, Virginia, as a tholeiitic to calc-alkaline meta-
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volcanic sequence formed in a Cambrian (?) island arc. Cox
et al., (1979) and Miller et al., (1978, 1979), have favor-
ably compared the massive sulfide deposits of the Mineral
district with kuroko-type ores. The central Virginia vol-
canic-plutonic belt also contains numerous gold-gquartz
veins which may be related to metamorphism.

Numerous authors (e.g. Butler and Ragland, 1968;
Hatcher, 1972; Black, 1980), have described the metavol-
canics and meta-argillites of the Carolina slate belt as
having formed in a volcanic island arc setting. Recently,
however, Long (1979) drew analogies between the Carolina
slate belt and a rift basin environment based on gravity
and magnetic patterns. As i1s the case with the Mineral
district, a number of workers have seen similarities be-
tween slate belt polymetallic massive sulfides and Kuroko-
type ores (e.g. Carpenter and Allard, 1980; Indorf, 1981).

The metavolcanics of the Carolina slate belt also con-
tain pyritic deposits in highly sericitized and silicified
zones, which contain appreciable gold. Spence et al., (1980)
and Worthington et g;f, (1980), developed a model for hot
spfings—fumarolic deposits, ancient and modern, using the
Haile mine of South Carolina as an example. The nearby
Brewer mine has also been described as a potential porphyry
molybdenum deposit (Schmidt, 1978).

The tectonic environment in which the Kings Mountain

belt formed is the subject of controversy. Posey (1981)
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presénts a model for the sequence of formation and local
settings of a number of the different types of mineraliza-
tion in the belt.

The Stone Hill copper mine, Alabama, is a massive
sulfide lense within an amphibolite unit in the Ashland
Supergroup. The Ashland is a thick sequence of predomin-
antly clastic metasediments that is believed to be corre-
lative with the sedimentary sequences of the upper Pre-
cambrian of the Blue Ridge because of lithologic and tec-
tonic similarities owing to its position northwest of the
Brevard zone (Tull, 1978; Thomas et al., 1980).

The Pyriton (Cu) district, Alabama, occurs in the
Hillabee greenstone which is the‘uppermost unit in the
Talladega belt whose tectonic position is also open to
question but may have developed as a continental margin of

the Andean-type (Tull, 1978; Tull and Stow, 1982).
Scope and purpose of study

The lead and sulfur isotope data presented in this
report include mineral deposits from Virginia to Alabama.
The emphasis is on stratabound (massive) sulfide deposits
of the crystalline southern Appalachians, but data from
other types of deposits are also included.

There were several geologic problems in the southern

Appalachians which prompted this study. Through the appli=-
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cation of lead isotope systematics models, such as Doe and
Zartmans' (1979) plumbotectonics, I hoped to be able to
contribute to the knowledge of the petrogenetic and tec-
ténic regimes of southern Appalachian mineral deposits
individually and regionally. The earth's various broad
crustal regimeé and the upper mantle have distinct lead
isotopic characteristics due to the characteristic behav-
ior of U, Th, and Pb in each regime. In a compilation of
lead isotope data from the western U.S., Zartman (1974)
found that the patterns of isotope ratios in galenas
closely reflected the type of crust underlying the various
regions. Rocks of the crystalline southern Appalachians
have been variably deformed and metamorphosed and some
terrains are apparently far-traveled allochthons whose
original positions relative to other terrains are poorly
known. A study of lead isotope systematics in the mineral
deposits and their host rocks undoubtedly could contribute
to £he knowledge of the individual terrains and their re-
gional relationships. |

Late Precambrian to Ordovician time was marked by
distinctive and relatively rapid changes in the isotopic
composition of sulfur in éea water sulfate. In the latest
Precambrian ¢3S in seawater sulfate began a sharp rise
from a constant Proterozoic value of about 17 per mil,
reaching over 30 per mil during Cambrian time. The §3"S of

seawater sulfate remained relatively "heavy" (i.e. enriched



11.

in the heavier isotopes of sulfur, or high 63*S) during
the Cambrian and most of the Ordovician (Claypool et al.,
1980). Late Precambrian to Ordovician (?) is also the time
period during which the stratabound (massive) sulfide de-
posits of the southern Appalachians were formed. A recon-
naissance sulfur isotope study of minerals in these depos-
its was made to determine the contribution of this dis-
tinctive seawater sulfate to sulfur in the deposits. Rela-
tionships between lead and sulfur isotopic variations in
individual deposits were also looked for.

Additional results hoped for from this study were
1) a data base of lead and sulfur isotopic ratios in the.
southern Appalachians on which future studies may be
anchored; and 2) a basis for comparison of isotope system-
atics with similar mineral deposits and terrains in the
Appalachian~-Caledonide orogen and other orogenes world-
wide. '

Previous isotope studies of southern Appalachian sul-
fide deposits have been limited. Doe and Zartman (1979)
published several high-precision lead isotope analyses
from the region. Lead in deposits of the North Carolina
slate belt was the subject of a study by Kish and Feiss
(1982). Some of the results of this study have been pres-
ented in LeHuray (1980, 1981, 1982a, b, and c). The only
published report of sulfur isotope investigations in the

southern Appalachians is from the Ducktown district,



Tennessee (Mauger,

1972).
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2. AN OVERVIEW OF THE THEORY AND USES OF LEAD ISOTOPE

STUDIES
Theoretical Basis of Lead Isotope Variation

Of the four effectively stable isotopes of lead (2°*Pb,
206pp, 2097ph, and 2°8pb) only 2°*Pb has no long-lived radio-
active parent isotope and so the others are expressed as
ratios to constant 2°%“pb. 2°8pp, 297pp, and 2°8Pb are the
final stable products of the decay of 23%%u, 2%%y, and
2327h, respectively. The rate of increase in the various
isotopes of lead through geologic time is the inverse of
the rates of decay of parent isotopes. The long half-lives
of 238y and %°2Th have kept the production of 2°%Pb and
208ph at constani levels through time. 2%°%°7Pb, however, ac-
cumulated in large quantities early in geologic history
due to the relatively short half=-life of 2%°U (Fig. 2) The
production of 2°7Pb since about 2.5 b.y. has been relative-
ly small. As a result, contributions of lead by Archean
rocks to younger rocks or minerals are often characterized
by high 2°7pb/2°*Pb ratios relative to corresponding 2°®pb/
20%ph and 2°%pPb/2%*Pb ratios. The initial isotopic compo-
sition of lead in the Earth has been approximated as that

found in meteoritic lead. In this study the value of

13.
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Figure 2. The growth of lead isotope ratios with time is
illustrated beginning with the lead isotope ratios of
the troilite phase of the Canyon Diablo meteorite (Tat-
sumoto et al., 1973), and with constant U/Pb and Th/Pb

ratios.
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lead from the troilite phase of the Canyon Diablo meteor-
ite (Tatsumoto et al., (1973), is used as the initial lead
isotopic composition. Table 1 lists some of the conven-
tions used in this paper.

The present lead isotope ratios in rocks and minerals
are a function of the processes which have affected the U,
Th, and Pb in the system through geologic time. When lead
is separated from U and Th in Pb=-rich, U and Th-poor
phases, such as galena or K-feldspar, lead isotope ratios
are "frozen", providing us "fossil" ratios which allow
study of lead isotope systematics in ancient rocks. Math-
ematical treatments of the systematics of lead isotope
growth have been presented by Russell and Farquhar (1%960),
Kanasewich (1968), Doe (1970), Doe and Stacey (1974),
Stacey and Kramers (1975), and Cumming and Richards (1975)
and have recently been reviewed by Faure (1977) and by

Koppel and Grunenfelder (1979).
Lead Evolution Models

Early lead isotope studies show that the regular
rates of growth of the radiogenic isotopes of lead could
be described as a set of curves known as "growth curves"
(Fig. 3). The position of the curve is determined by the
238y/2%%pp(u) and 232Th/2°*Pb(w) ratios of the system and

by the initial ("primordial") lead isotope ratios, which
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TABLE 1

Values of isotopic parameters used in this study.

A.

Decay constants

Isotope Decay Constant Symbol Reference
238y 1.55125x107!% /yr Ag Jaffey et al.,
1971
235y 9.8485 x10~!%/yr As Jaffey et al.,
1971
232qn 4.9475 X10~!'!/yr Ao LeRoux and

Glendenin, 1973
Isotopic composition of primordial lead
Troilite phase of Canyon Diablo meteorite (Tatsumoto
et al., 1973):

206 207 208
Pb _ 4.307 Pb - 10.204 Pb

= 29.476

Isotopic composition of lead at 3.7 b.y.
Beginning of second stage growth (Stacey and Kramers,
1975):

206 207 208
Pb _ 11.152 Pb  _ 12.998 Pb

ZOHPb ZOQPb ZOQPb

= 31.23
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Figure 3. Single-stage 2°7Pb/2°*Pb versus 2°®pPb/2%%pPp
and 2°%pPp/?2%%pPh versus 2°®Pb/?°“Pb growth curves with
238y/20%py (u) and %%%Th/?%%Pb (w) as parameters.
Single-stage isochrons are shown on the uranogenic

lead diagram.
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are usually taken to be the values found in meteoritic
lead. This single-stage model assumes that the earth was
originally homogeneous with respect to lead isotope comp-
osition and the distribution of U, Th, and Pb. It further
assumes that ratios of parent-to-index isotopes (2%%u/
204%pp, 235y/2%pp and 2°%2Th/2°*Pb) changed only as the re-
sult of radiocactive decay. Leads that conform to this
model have been called "single-stage", "conformable",
"normal", and "model" leads. |

Stanton and Russell (1959) demonstrated that lead
from the submarine exhalative class of stratabound (mas-
sive) sulfide deposits associated with volcanic island
arcs approaches single stage conditions. A growth curve
can be fit through data points from these deposits and
their model ages are rough approximations of the actual
times of deposition. Figure 4 shows one such set of curves,
with 2%8u/2%pp ~ 9.5 and 2%2Th/?%%Pb = 36.5. Single-stage
growth requires that these ratios remain essentially con-
stant through time. The mantle was thought to be the only
source region large enough to act as an "infinite reser-
voir" from which U, Th, and Pb could be intermittently
withdrawn without effecting their relative abundances.

Even thcse deposits which most closely approach
single-stage evolution, however, deviate slightly from the
model (Kanasewich, 1968; Oversby, 1974), and improved ana-

lytical techniques have revealed complexities not evident
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Figure 4. Model single-stage lead isotope ratio growth
curves, with nearly "conformable" deposits indicated.

(After Doe and Stacey, 1974).
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in earlier work. Kanasewiéh (1968) noted the tendency of
younger deposits to have 2°®pPb/?%%Pb ratios that are too
radiogenic to fit a simple single-stage model. Russel's
(1972) and subsequent studies of oceanic volcanics have
ruled out the mantle as the major source of lead in the
classical comformable ores. Several models have since at-
tempted to reconcile conformable leads with modified
single-stage evolution.

Doe and Stacey (1974) suggested that the approach to
apparent single-stage evolution is the result of the mix-
ing of several isotopically heterogeneous source materials.
Cumming and Richards (1975) proposed that U/Pb and Th/Pb
ratios of source materials of conformable ores have been
continuously increasing through time. The effect of their
continuous evolution model is that younger deposits are
expected to contain "excess" radiogenic lead relative to
simple single-stage evolution. Stacey and Kramers (1975)
approached the problem by proposing a simple two-stage
model which brings model lead ages of comformable lead
ores to within 100 m.y. of their known or inferred ages of
formation. During the first stage of their model (Figure 5;
4.57-3.70 b.y.), the earth's bulk 23%y/?%pp = 7.19. A
bulk differentiation event at 3.7 b.y. resulted in an epi-
sodic increase to 2%®%y/?%pp = 9.74, for that part of the
earth which contributes lead to comformable ores. That

ratio has persisted during the second stage, from 3.7 b.y.
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Figure 5. The two-stage growth curve of Stacey and Kram-
ers (1975). At about 3.7 b.y. ("X") bulk differentia-
tion of the Earth resulted in an increase in average

U/Pb ratios to about 9.74.
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to the present. The Stacey and Kramers (1975) evolution
curves will be used throughout this report as average ref-
erence growth curves.

The divergence of the various modified single-stage
model growth curves is usually minimal for most of the
Precambrian but differ substantially for Phanerozoic time.
The models differ in some of their basic assumptions, but
have the same essential goal: to fit the lead isotope data
of conformable ores to a mathematically describable evolu-

tion curve.
Model=-lead ages

When lead is removed from a system which approaches
single-stage characteristics and segregated in a lead-rich,
U- and Th-poor phase such as galena or feldspar, lead iso-
tope evolution is frozen and a "model age":can be calcu-
lated. The resulting model ages depend on the »narticular
model and parameters used, although they are not drastic-
ally model-dependent. Model ages from Stacey and Kramers
{1975) model for'instance, are calculated from the isotopic
composition of lead that prevailed after the 3.7 b.y. dif-
ferentiation event (Table 1) and are believed to bring
model ages to within 100 m.y. of actual ages in many

instances.
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Model-lead ages have large errors and are generally
not a precise age-dating tool, but can be useful when an
approximate age of mineralization is required. They can be
particularly useful in this respect in Precambrian ore de-
posits where age relationships are imperfectly known and
in identifying periods of mineralization in complex ter-
rains.

Model-lead ages have also been used as descriptive
devices with little actual "age" connotation. Reporting,
for instance, that a given model age is too old or young
for the age of mineralization is another way of saying
that the lead is either less or more radiogenic, respec-

tively, than predicted by single-stage models.
Anomalous leads

Anomalous (or "extraordinary" or "J-type") leads
generally contain lead that is much too radiogenic for the
time of mineralization. The Mississippi Valley deposits,
for exaﬁple; contain lead which gives negatiye ("future")
model ages (e.g. Doe. and ﬁelevaux, 1972). Anomalous leads
derive the greater portion of their lead from sources with
high U/Pb ratios.

Ore deposits with conformable lead isotope ratios
usually have a high degree of internal isotopic consist=-

ency. Ratios from throughout a deposit often are essenti-
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ally the same. Deposits which contain anomalous lead, how-
ever, often have a wide range of 2°%Pb/?°“Pb and 2°%pPb/
20%pp values. The range of 2°’Pb/2°“Pb ratios depends in
part on the age of the source material: lead in a young
deposit derived from Archaen rocks may have a wide range
of 2%7pb/%%%pPDb.

Anomalous lead isotope data often lie along straight
lines on 2°7Pb/2%*Pb versus 2°°Pb/?°*Pb plots which may be
interpreted as secondary isochrons. A secondary isochron
is the result of a two-stage process. During the first
stage lead isotopic composition evolves in a system ap-
proximating single-stage growth until an event occurs
which changes the 2%%U/2%“Pb ratio into a number of valﬁes.
Continued evolution during this second stage results in an
array of ratios falling on a line. If the approximate age
of mineralization is known, the age of the source material
may be calculated. In some cases the source of ore lead
has been identified where matching secondary isochrons
have been found in rocks (e.g. Doe and Delevaux, 1972; Rye
et al., 1974).

Doe and Stacey (1974) point out that when single-
stage processes are assumed for two-stage systems, model
lead ages are younger than the age of mineralization if
238y/2%%pp values are greater than average for single-
stage systems and older if 23%%uy/2%%pb is lower in the sec-

ond stage. Analysis of several samples from deposits where
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age relationships are poorly known is desirable.

The interpretation of secondary isochrons in southern
Appalachian rocks has been complicated by the "young" (i.e.
< 1.3 b.y.) rocks which alone seem to have contributed
lead to various systems. Because 2°7Pb/2°“Pb has changed
little in the last billion years, the slopes of the iso-
chrons are shallow. Slopes corresponding to secondary iso-
chron ages decreased rapidly during the first half of geo-
logic time, and therefore a given slope has a better con-
strained solution for Archaen leads and slope errors are
minimized. During the second half of earth history, how-
ever, and especially during the last billion years when
297pp production has approached zero, slope error has be-
come an increasingly significant factor so that even a
well defined line with a wide range of data and a small
mean square of weighted deviates (MSWD) can yield a Pb-Pb
isochron age with a large 20 error. Figure 18 (to be dis-
cussed later) presents a good example of this effect. A
slope of 0.061 * 0.008 (20) with an MSWD of 0.24 yields an
error of almost 50% in its Pb-Pb isochron age (which hap-
pens, at about 640 m.y., to be a good estimate oﬁ the
rocks' actual ages). In contrast, the regression in Figure‘
40 corresponds to a secondary isochron age of 3.7 = 0.3
b.y. - an error of less than 10% on a much less well de-
fined line.

There is a subtle difference in the methods used to
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calculate the slopes (and corresponding ages) of the above
examples of a "Pb-Pb isochron" and a "secondary isochron".
That which I will refer to as a "Pb-Pb isochron" assumes
an upper intercept age of zero and is valid when (a) the
event which disturbed or derived lead from a system approx-
imating single stage growth occurred relatively recently,
or (b) the secondary system has remained relatively undis-
turbed since its time of formation and the spread of data
is due to in situ radiocactive decay. Ages corresponding to
slopes of Pb-Pb isochrons are taken directly from the
tables of Stacey and Stern (1973).

A "secondary isochron” is calculated from the time,
t2, (other than zero) of mineralization (crystallization
of rocks) and some earlier time of formation of source ma-

terial, tl' at which secondary growth began.

The equation governing both calculations is:

207\ _ (207,
0%y £ \%%ep e, _ /235 | M5t - _Mste
2065\ /2065, 238y )y | Fetr - Net
085, ) ¢\ 200 ) ¢

where (235U/238U)p is the present day ratio. This eguation
assumes closed-system behavior of uranium and lead between
2 and tl.

Several cases of three-stage (and higher order)

times t
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systems, which can result in highly complex patterns of
lead isotope data,are known, and some, in favorable cir-
cumstances, are interpretable. Doe and Stacey (1974) sum-
marize some examples of high order lead evolution inter-
pretations.

Linear relationships have also been interpreted as
miging lines of end-member lead isotope compositions. In a
recent example Dickin (1981) interpreted a linear array of
lead isotope compositions from Isle of Skye Tertiary ig-
neous rocks as representing a mixing line between Lewisian

crustal lead and Tertiary mantle-derived lead.

Plumbotectonics

Doe and Zartman (1979) and Zartman and Doe (1981)
presented a model for observed lead isotope evolution
trends which they called "plumbotectonics". The model
takes into account the geological and geochemical pro-
cesses which have effected lead evolution through time.
These include the redistribution and recycling of U, Th,
and Pb during orogenic, weathering, and sedimentation pro-
cesses, and the fractionaction of U, Th, and Pb in four
broad crustal environments. These are the upper and lower
continental &rust, the mantle, and the orogenic environ-

ment.
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The upper crust is characterized by open-system pro-
cesses and by a 2%%U/2°*Pb value which, on average, has
gradually increased through time. The 2°°U/2°"Pb values of
the upper crust can be high and  thus give rise to a rather
radiogenic lead in situ (Doe, 1970; Rosholt et al., 1973)
which in turn can contribute radiogenic lead to ore de-
posits with "anomalous" leads. The ?°%2Th/?°*Pb ratios of
upper crustal rocks are variable, but tend to be relative-
ly high (Doe and Zartman, 1979).

The lower continental crust frequently consists of
pyroxene granulite and other highly metamorphosed and re-
fractory rocks. Typically, uranium concentrations and
238y/%2%%pb ratios are low in these rocks (Moorbath et al.,
1969; Gray and Oversby, 1972). Thorium and lead contents
are not as drastically depleted relative to upper crustal
values as uranium. %32Th/?%%pPb is variable, but averages
slightly greater than in the upper crust (Doe and Zartman,
1979).

The depletion of uranium in the lower crust and the
excess in the upper crust have opposite effects on lead
isotope compositions and result in distinctive patterns in
lead derived from one source or the other. Lead with a
large component derived from a lower crustal source will
be retarded in its uranogenic lead evolution while lead
from upper crustal sources will tend to be enriched in

uranogenic lead. The depletion of uranium relative to
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thorium in lower crustal rocks also has prbfound effects
on 2°8pp/?2%%Pp ratios. The field of lower crustal ("cra-
tonized crust") lead isotopic ratios (Fig. 6) falls to the
left of the other fields on a 2°%Pb/?°“Pb versus 2°®Pb/
20pp diagram, the result of retarded uranogenic lead evo-
lution combined with near average thorogenic lead growth.

The upper mantle has relatively low 238U/2°*Pb and
'232Th/?°*Pb ratios (Tatsumoto, 1978), and thus is retarded
in lead evolution relative to upper and average crustal
lead. The effect of a contribution of lead from the mantle
is particularly evident in the resulting low *°’Pb/?°*Pb
ratios (Doe and Zartman, 1979), whereas 2°®Pb/2%“Pp ratios
may be somewhat radiogenic due to an apparent increase
with time of mantle 2*®U/?°“Pb ratios (Tatsumoto, 1978).

Plumbotectonics fourth environment is the orogene. In
the orogene, lead from the other three major environments
-is mixed and the result is an average lead evolution curve
The orogene curve in Figure 7 closely approximates Stacey
.and Kramers' (1975) two-stage evolution curve. In the oro-
gene, the excess uranium of the upper crust is mixed with
uranium-poor lower crust resulting in a system approaching
model single-stage characteristics. The mantle also con-
tributes lead through material caught up in orogenic pro-
cesses.

Figure 7 illustrates the position of some Phanerozoic

volcanogenic massive sulfides in relation to plumbotecton-
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Figure 6. Fields of lead isotope data of rocks from
various crustal environments. From Doe and Zartman

(1979).
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Figure 7. Lead isotope growth curves generated by the
plumbotectonics model of Doe and Zartman (1979).
Numbers indicate individual deposits, as follows:

1. RKuroko ores of Japan; 2. Halls Peak, New Zealand;
3. Mineral Virginia and Bathurst, New Brunswick:;

4. Cobar, Ontario; 5. Caétain's Flat, Australia:;

6. Black Hawk, Maine; 7. Roseberry, Tasmania; 8. Bu-
chans, Newfoundland; 9. West Shasta, California;

10. East Shasta, California. (after Doe and Zartman,

1979).
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ics evolution curves. The position of lead isotope d?ta
from Buchans, Newfoundland, and the Shasta district, Cali-
fornia, are thought to represent a substantial contribu-
tion of lead from the mantle because of their low 2°7pPb/
20%pp ratios (Doe and Zartman, 1979). Their geologic set-
tings seem to support this assessment. Also of interest to
this study in Figure 7 is the data point from Bathurst,
New Brunswick, in the Canadian Appalachians. Lead from the

Mineral district, Virginia, has similar lead isotope comp-

ositions.



3. A REVIEW OF SULFUR ISOTOPE SYSTEMATICS
Sulfur isotope Variation In Nature

There are four naturally occurring stable isotopes of
sulfur with approximate abundances of 32?S = 95.02%, °%°s =
0.75%, 3*s = 4.2% and 3°s = 0.017%. The majority of sulfur
isotope studies are based on variations in 3%s/32%s ratios,
which are usually expressed as §%*S values. &3%"S represents
the per mil (©/oco) deviation of the 3%s/%2S ratio of a
sample relative to that observed in the troilite phase of
the Canyon Diablo meteorite (%*s/%2s = 0.0450045, Ault and
Jensen, 1963) which is defined as 6§3*8 = 0. The 6%"S value

of a given sample may be expressed as:

sample = sample
(3*s/3%3)

1 X 1lo00

standard

Figure 8 summarizes the variation of sulfur isotopic
compositions observed in naturally occurring materials.
Sulfides in igneous rocks are generally isotopically similar
to meteoritic values with 6§3%S averaging close to 0 ©/cc.

Sulfates in seawater and evaporite deposits are generally

39.
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Figure 8. Sulfur isotope variation in nature.

From Ohmoto and Rye (1979).
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enriched in the heavier isotope (higher 6%%S) by about 10
to BOQ/oo, depending in part on geclogic age. Sedimentary
sulfides have a wide range of §%%S values (=70 to +70%°/c0),
but tend to be depleted (lower §3*S) in the heavier iso-
tope (Ohmoto and Rye, 1979).

The mechanisms responsible for variations in the iso-
topic composition of sulfur are totally different than
those producing lead isotopic variations. Changes in lead
isotopic composition are due to radicactive decay of uran-
ium and thorium; kinetic fractionation effects on the iso-
topes of lead do not occur in nature because of the small
relative mass differences between theﬁ. The relative mass
difference between **S and %2?S, however, is large enough
to effect the thermodynamic properties of the isotopic
species. Bachinski (1969) for example, found that &§3%s
variations among coexisting sulfides correlate with metal-
sulfur bonding energies, with the heavy isotope preferen-
tially residing in sites with the highest bond energies.

Isotopic fractionation of sulfur can occur in a var-
iety of situations described by Ohmoto and Rye (1979, p.
522). During the history of an ore fluid "... fractiona-
tion may take place (1) at the source of sulfur such as
during separation of fluids from a magma, or during leach-
ing of sulfides, (2) during the evolutionary history of
hyvdrothermal fluids involving reduction of seawater sul-

fate, (3) during cooling of hydrothermal fluids, and (4)
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during precipitation or replacement of minerals."
Sulfur isotope geothermometry

Rye and Ohmoto (1974), noted that the major factors
which control the sulfur isotopic composition of hydro-
thermal minerals are: (1) temperature, which determines
fractionations between sulfur-bearing species; (2) the

)

sulfur isotopic composition of the fluid system (63“8ZS
which is controlled by the source of sulfur; and (3) the
proportions of oxidized and reduced sulfur species in
solution.

In a system in which isotopic equilibrium is ap-
proached, the isotopic fractionation factor between two
co-existing sulfur bearing compounds is related to the
equilibrium constant. Isotopic equilibrium constants are
primarily a function of temperature and when the tempera-
ture function is accurately known, the equilibration temp-
erature of the compounds can be calculated from the dif-
ference in their §3%S values (Ohmoto and Rye, 1979). Fig-
ure 9 graphically depicts a summary of fractionation fac-
tors for sulfur-bearing compounds (Ohmoto and Rye, 1979).
The data illustrate that in a system approaching equilib-

rium at a given temperature the &3

value of sulfate spec-
ies > pyrite > sphalerite > chalcopyrite > galena.

Equilibration temperatures can be calculated from the
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experimental curves (Fig. 9) and the equations of Ohmoto
and Rye (1979, p. 518). Those authors cite several condi-
tions that must be met for meaningful application of sul-
fur isotope thermometry to a mineral pair. First, the two
mineral phases must have formed in equilibrium. To satisfy
this criterion the paragenesis of ore minerals in a depos-
it must be well known. In metamorphosed deposits such as
those in the southern Appalachians, deformation and meta-
morphism have 6ften obliterated primary textures and para-
genetic clues are scarce. Secondly, after mineral forma-
tion no isotopic exchange should have taken place between
the mineral phases or between a mineral phasé and a fluid
phase. Whether original isotopic composition is maintained
during metamorphism or re-equilibrated to a greater or
lesser extent is not well known, but there is some indica-
tion that isotope exchange between sphalerite and galena
occurs at lower grades of metamorphism than that of pyrite
and other minerals (Ohmoto and Rye, 1979). The effects of
metamorphic "desulfidization: (i.e. pyrite - pyrrhotite +
S) are not well known. .

A third criterion for successful sulfur isotope ther- ..
mometry is that pure mineral phases are separated for anal-

yses.
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Figure 9. Equilibrium isotopic fractionation factors

among sulfur compounds relative to HZS' a is the

fractionation factor of a species, i, relative to

HZS' From Ohmoto and Rye (1979).
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Sulfur isotopic variation in hydrothermal systems

Sulfide and sulfate minerals in hydrothermal ore de-
posits ultimately derived their su;fur from an igneous and/
or a seawater source. Seawater sulfur occurs as agqueous
sulfate which may find its way into sulfide deposits in a
number of ways. Ohmoto and Rye (1979) listed the possible
paths as:

- in situ reduction of sulfate to H,S by sulfur-reduc-
ing bacteria, generating sedimentary sulfides;
- Leaching of sedimentary sulfides by hydrothermal
fluids;
- Replacement of sedimentary sulfides by other sulfide
minerals when encountered by metalliferous brines; and
- Reduction of adqueous sulfates to aqueous sulfides non-
bacterially at elevated temperatures.
This last process allows sulfate-rich waters to partici-
pate in sulfide deposition.

Igneous sources of sulfur include sulfur in magmatic
fluids and sulfur leached from sulfur—bearingvphases in
igneous rocks.

Hydrothermal systems may leach sulfur from either ig-
neous or sedimentary sources, or from a mixture of the two.
Ohmoto and Rye (1970) reviewed the equilibrium and kinetic

factors involved in isotopic fractionation of sulfur under
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various conditions.

The large numbers of processes which cause sulfur is-
otopic fractionation and the considerable variability of
sulfur isotopic composition in environments which may con-
tribute sulfur to a hydrothermal cell result in sulfur
isotope studies alone being insufficient to define the
conditions of sulfide mineralization. Nevertheless, sulfur
isotope studies can provide useful information and can
place constraints on mineralization parameters.

§3*s of sulfides has been observed to decrease upward
in the stratigraphic section of some volcanogenic strata-
bound deposits. Given the proper conditions, use of sulfur
isotope variations as evidence of stratigraphic succession
in deposits where structural complications have confused
the issue mav be possible.

Sangster (1968) noted that average §3*s value of sul-
fides in volcanogenic exhalative deposits is about 17°/00

lower than the 63"S value of contemporaneous seawater.
Seawater sulfate age curve

Claypool et al. (1980) recently presented abundant
new evidence for the variation through time of the sulfur
isotope composition of marine sulfate, based on the anal-
ysis of sulfur in evaporitic sulfate. The application of

evaporite sulfate to ancient seawater is based on the ob-
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servation that (1) present day ocean sulfate has a uniform
§3%s (= + 200/00) worldwide, indicating rapid mixing (Sa-
saki, 1972) and (2) present day sulfate evaporites show a
uniform enrichment of 1-2°/0o in 63*S relative to dissolv-
ed sulfate (Thode and Monster, 1965).

Figure 10 depicts the variation of seawater sulfate
§3%s (63“SSW) from about 1.0 b.y. to the present. The
total range of 63“SSW is about 10 to 300/00. The age range
of interest to discussion of southern Appalachian sulfide
deposits (late Precambrian to Ordovician(?)) is seen to be
a time of rapid change in the sulfur isotopic composition
of seawater sulfate. Sometime during the late Pfecambrian
seawater began to become enriched in **S relative to 32S
and rose from a Proterozoic 63“SSW value of about 17.0 =

3°/oo. 63“85 may have reached a peak in the latest Pre-—

\%
cambrian-lowermost Cambrian of about 33O/oo, but seems to
have maintained a value close to 30°/oco for most of the
Cambrian. The curve is less well defined for Ordovician
seawater, but there seems to have been a gradual decline
of GB“SSW to about 27°/co by the end of the Ordovician,
which perhaps cannot be statistically distinguished from
Cambrian on the basis of Ga“ssw.

Sangster's (1968) observation that volcanogenic
stratabound sulfide deposits contain sulfide 63"s values
approximately l7o/oo less than contemporaneous seawater

63“st can be related to the 63"Ss age curve. During the

w
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Figure 10. Sulfur isotope variation of seawater sulfate
through time. Dashed lines represent approximate

limits of error. From Claypool et al., 1980.
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late Precambrian when 63“st = 17.0%00 a sulfide deposit
which derived its sulfur from seawater would have sulfide
§3%s = OO/OO. A similar Cambrian deposit would have sul-
fide with 63%s up to about 130/007 It has also been noted
that sulfur in barite associated with volcanogenic massive
sulfides is enriched l—2°/oo relative to contemporaneous
seawater (see Ohmoto and Rye, 1979, p, 547), which is the
same relative enrichment often found in marine evaporite
sulfates through time (Sasaki, 1972).
The effect of the secular variations of 63“SSW and

the consistent relationship of sulfur in massive sulfides
to the age curve is strong evidence for the dominant role

played by seawater in the formation of volcanogenic strata-

bound sulfide deposits.



Part II.. BLUE RIDGE STRATABOUND SULFIDE DEPOSITS



1. GENERAL GEOLOGY OF THE BLUE RIDGE GEOLOGIC PROVINCE

The Blue Ridge geologic province (Fig. 1ll) 1is an al-
lochthonous anticlinorium consisting of a thick pile of
upper Precambrian and lower Paleozoic metamofphosed volcan-
ic and predominantly clastic sedimentary rocks nonconform-
ably averlying a core of Grenville-age (1.0 to 1.3 b.y.)
graﬁites and gneisses, all thrust to the northwest over un-
metamorphosed Paleozoic sediments of the Valley and Ridge
province. From Virginia into Georgia the Blue Ridge is
bounded on the southeast by the Brevard Fault zone.

The Blue Ridge may be further subdivided into eastern
and western zones based on lithological characteristics
(Hatcher, 1978). The western Blue Ridge is characterized
by abundant outcrop of Grenville—-age basement rocks and by
the scarcity of Paleozoic intrusions. In the eastern zone
outcrops of Grenville-age basement are scarce (probably
occurring only in windows) and Paleozoic plutons relétively
abundant. Additionally, recognizable evidence of volcanic
activity is much ﬁore abundant in the metamorphosed upper
Precambrian of the eastern Blue Ridge than in the western
zone, and the eastern zone contains virtually all of the
ultramafic rocks of the Blue Ridge (Hatcher, 1978). The
boundary between the two subprovinces is the Hayesville

54.
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Figure 11. 1Index map of the Blue Ridge geologic province
in Virginia, Tennessee, and North Carolina showing loc-
ations of sulfide deposits discussed in text. For con-

tinuation in Georgia and Alabama, see figure 37.
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fault south of the Grandfather Mountain window and the
Fries fault north of the window.

Stratabound sulfide bodies of the Blue Ridge are
found in the upper Precambrian metasediments and metavol-
canics in basins flanking the Grenville core (Gair and
Slack, 1980). The basins are thought to have formed near
the eastern edge of the late Precambrian North American
continent during the rifting associated with the opening
of the proto-Atlantic (Iapetus) ocean (Gair and Slack,
1979, 1980; Cdom and Fullagar, 1973; Rankin, 1975).

To the west of the Grenville-age core, sediments ac-
cumuiated in what may be called the "Ocoee Basin". Rocks
of the upper Precambrian Ocoee Sﬁpergroup dominate western
Blue Ridge lithologies and consist largely of metamorphos-
ed flysch-like sediments (Hadley, 1970). Stratabound mas-
sive sulfide bodies of the "Ocoee Basin" are found within
the Great Smoky Group of the Ocoee Supergroup, and include
the Ducktown district, Tennessee, and the Fontana district,
North Carolina. The Great Smoky Group consists of as much
as 7,606 meters (25,000 feet) - neither top nor bottom is
exposed - of metamorphosed, interbedded graywackes, quart-
zites, and schists. Several small, conformable amphibolite
bodies in the vicinity of Ducktown are the only recogniz-
able evidence of igneous activity in the sequence (Magee,
1968; Hadley, 1970).

Rankin et al., (1973), considered the Great Smoky
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Group to be at least partiélly correlative with the Ashe
Formation, mainly a sequence of metagraywackes and sulfid-
ic and graphitic phyllites deposited in the "Ashe Basin"
on the eastern flank of the Grenville-age core. The Ashe
Formation is host to the Great Gossan Lead, southwestern
Virginia, and of the Ore Knob district, North Carolina.
Abundant amphibolite units within the Ashe were recognized
as metamorphosed mafic volcanic rocks by Rankin (1970) and
Rankin et al., (1973).

The sediments and volcanics of the Ocoee and Ashe
basins are presumably at least partially correlative with
the volcanics of the Mount Rogers Formation which have
been interpreted as rift volcanics (Odom and Fullagar,
1973; Rankin, 1975). The Mount Rogers 1is currently re-
stricted in outcrop to the area around the common border
of Virginia, North Carolina and Tennessee.

The correlation of Blue Ridge lithologies becomes
more problematical to the southwest, in Georgia and Ala-
bama. In parts of these two states Piedmont province stra-
tigraphy can be traced across the Brevard fault zone
Hatcher, 1972, 1978; Kline, 1980; Medlin and Crawford,
1973). On the northwestern boundary of the Blue Ridge, the
Great Smoky fault system makes a sharp bend from a north-
easterly to a north trend at about the Tennessee - Georgia
border. The continuation of the Great Smoky fault as the

northeasterly trending Cartersville fault is speculative
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(McConnel and Costello, 1980).

The southeastern-most Appalachians will be further
discussed in a later chapter.

Rb/Sr whole-rock (Fullagar and Bottino, 1970), *°%Ar/
3%9ar incremental release patterns (Dallmeyer, 1975a), and
field geologic constraints (Butler, 1972), place the time
of peak regional metamorphism in the Blue Ridge between
480 and 430 m.y. Retrograde metamorphic effects are local-
ly evident and are prominent in the Ducktown district (Ma-
gee, 1968). The major thrusting events and final placement

of the Blue Ridge occurred during the late Paleozoic.



5. DUCKTOWN DISTRICT, TENNESSEE

Economically, the Ducktown mining district hés been the
most significant sulfide deposit in the crystalline south-
ern Appalachians. Mining of supergene copper ore began soon

after discovery in the 1840's and continued until the sec-
ondary enrichment zones were exhausted in 1877 (Magee, 1968).
Mining of primary ore began in 1889 and continues to the
present, although the current operation produces mostly

sulfur for sulphuric acid.
District Geology

Eight major ore bodies in Polk County, Tennessee, and
a number of sub-economic lenses and disseminated concentra-
tions which extend into nearby Fannin County, Georgia, con-
stitute the Ducktown district. The lithology of the Great
Smoky Group in the area is dominated by metagraywackes and
mica schists with minor amounts of metamorphosed conglomer-
ates, and chlorite-garnet-staurolite schist. There are also
several generally conformable amphibolite bodies which,
although the subject of much speculation, have no apparent
association with ore lenses (Magee, 1968). Occasional calc-

silicate nodules in the graywackes are thought to be meta-

60.
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morphosed calcareocus concretions (Hadley and Goldsmith,
1963).

From the Great Smoky fault west of Ducktown the grade
of regional metamorphism increases rapidly eastward (Carp-
enter, 1970). The isograds generally parallel the regional
northeast-southwest trend. Ducktown lies on the flank of a
dome in the grade of metamorphism defined by the stauro-
lite iscgrad (Nesbitt and Kelly, 1980) and it reaches ky-
anite grade in the district (Carpenter, 1970).

A retrograde metamorphic event is evident in the
district and surrounding areas (Magee, 1968), but it ap-
parently was not a "strong" enough event to disturbv“°Ar/
3%9Ar release patterns of biotite which show little or no
disturbance since peak regional metamorphism (Dallmeyer,

1975b).
Theories of Origin

Until relatively recently most geoclogists believea
the ores at Ducktown to be the result of hydrothermal re-
placement processes. Emmons and Laney (1926) proposed that
hydrothermal solutions replaced limestone lenses along a
single horizon, and that calc-~silicate and calcite gangue
represented recrystallized original host rock. Ross (1935)
agreed with the hydrothermal replacement model, but be-

lieved that solutions were introduced along shear zones
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and that the calcareous as well as the quartz and ferro-
magnesian gangue minerals accompanied ore deposition.
Carpenter (1965), Kalliokoski (1965) and Kinkel (1965,
1967) all recognized recrystallization and remobilization
features in the ore which have obscured primary textures
and relationships and which require a premetamorphic ori-
gin of the deposits. In 1968, Magee proposed that hydro-
thermal replacement occurred along several impure calcar-
eous mud horizons and along shear zones which served as
conduits for the fluids.

The widespread acceptance of syngenetic models of ore
deposition has led more recent investigators to focus on
syngenetic mechanisms of emplacement of the Ducktown
lenses. From a study of sulfur isotope systematics of
Ducktown ore minerals, Mauger (1972), concluded that met-
als were leached from basinal clastic sediments by pore
waters which were later expelled and deposited as sulfides
around submarine hot spring vents.

Addy and Ypma (1977), proposed a two-stage model bas-
ed on oxygen, carbon, and hydrogen isotope systematics.
They proposed that local bedded sulfide horizons and ubigqu-
itous disseminated occurrences accumulated within sediments
of the Ocoee Supergroup. Subsequent deformation resulted
in isoclinal folds and the development of shear zones
through the sulfidic horizons. Meteoric waters circulating

during metamorphism leached sulfides and trace metals from
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the sedimentary pile and added to pre—exiéting concentra-
tions among the shear zones. The circulating cell continu-
ed, in their model, into the waning stages of metamorphism
and was the agent of some of the retrogressive effects.
Nesbitt and Kelly (1980), showed that the metamorphic
zonation of sulfides, oxides, and graphite in ores and wall
rock indicates unusually high f@z and f52 during regional
- metamorphism and thus indicates a premetamorphic origin of
the ore. They also report, however, that geothermal gradi-
ents were abnormally low for the regional metamorphic
event in the area, and that, therefore, a synmetamorphic
hydrothermal cell enhancing the metal content of the ore
zones 1is unlikely. Nesbitt and Kelly (1980), were not able
to distinguish between syngenetic and premetamorphic-epi-
genetic origins on the basis of metamorphic mineral zona-

tions.
Description of the Ore Bodies

There are eight major ore bodies in the Ducktown
district, ranging widely in shape and size. All are gener-
ally tabular in s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>